One sentence summary: Amplicon-based DNA sequencing revealed that bacterial communities associated with Eurasian watermilfoil are distinct from those in water and sediment, but temporally adapted.
INTRODUCTION
Macrophytes are a diverse group of photosynthetic organisms that play a significant role in the functioning of aquatic ecosystems. These organisms are major contributors to global primary production and biogeochemical cycling (Carpenter and Lodge 1986) , and often harbor epiphytic microbial communities that contribute to macrophyte fitness and function (Hollants et al. 2013; Egan et al. 2013) . Epibacterial communities degrade organic substrates and provide the host with carbon dioxide, minerals, vitamins and growth factors (Dogs et al. 2017) . These bacteria also prevent pathogen invasion and biofouling (Vollmers et al. 2017) and are required for normal morphological development of the host (Wichard 2015) . Conversely, shading effects due to the formation of thick biofilms and sediment deposits can lower plant productivity (Sand-Jensen and Søndergaard 1981) and opportunistic pathogens could induce diseases (Egan et al. 2014) . In contrast, macrophytes are known to modulate the abundance and structure of epibacterial communities via their physiological and biochemical properties (Lachnit, Wahl and Harder 2010; Sneed and Pohnert 2011) .
Molecular characterization of epiphytic microbial communities has mainly focused on marine macroalgal species (Wahl et al. 2012) . Several studies have demonstrated that bacterial communities on macroalgal surfaces are significantly different from planktonic ones in surrounding seawater and are speciesspecific (Uku et al. 2007; Lachnit et al. 2009; Tujula et al. 2010) . Moreover, their composition can differ between different regions (rhizoid, cauloid, meristem and phylloid) of the same individual (Staufenberger et al. 2008) . Recent studies on Cladophora, a filamentous macroalgae, has revealed that these organisms harbor diverse microbial communities, including those involved in nutrient cycling (Zulkifly et al. 2012; Braus, Graham and Whitman 2017; Chun et al. 2017) . In contrast, comprehensive assessments of epibacterial communities associated with freshwater angiosperms are extremely limited.
Eurasian watermilfoil (EWM) (Myriophyllum spicatum) is a submerged macrophyte with biogeographic origins in Europe, Asia and northern Africa (Moody et al. 2016 ). This plant is thought to have been introduced into North America during the 1940s, and since has invaded several thousand water bodies across the contiguous USA and Canada (Couch and Nelson 1985 ; https://nas.er .usgs.gov/). Once established, EWM poses a serious threat to the health, structure and function of freshwater ecosystems (Madsen 2005) . The invasion has resulted in several undesired ecological impacts, including a decrease in the richness and diversity of native species, a decline in dissolved oxygen content and an increase in nutrient loading from sediments. Current methods for EWM control and management, such as mechanical harvesting and application of herbicides, have been ineffective and expensive (Pimentel 2009 ). As a result, innovative methods, such as biological control, are currently being explored to eradicate, or control the spread of this invasive plant species.
Interactions between invasive plants and microbes are potential targets for biological control strategies (Kowalski et al. 2015) . Targeting key interactions, however, requires the identification of specific microbes that contribute towards the fitness and competitive ability of the host. Recent studies have identified bacteria that promote growth of invasive Phragmites australis (Soares et al. 2016; White et al. 2018) . However, only a little is known about the structure of epibacterial communities associated with EWM. Chand, Harris and Andrews (1992) isolated Acinetobacter, Cytophaga, Flavobacterium, Moraxella, Pseudomonas, Alcaligenes and Vibrio/Aeromonas spp. from cultured watermilfoil. More recently, Hempel et al. (2008) used fluorescence in situ hybridization (FISH) to show that CytophagaFlavobacteria-Bacteroidetes (CFB group; now classified under the phylum Bacteroidetes) and Alphaproteobacteria were dominant bacterial groups present on EWM samples, but a more detailed taxonomic information was not provided. To better understand the physiological basis for EWM-bacterial interactions, a greater exploration into the structure and dynamics of epibacterial communities associated with EWM is warranted.
In this study, microbial communities associated with EWM were comprehensively characterized, across space and time, using high-throughput DNA sequencing (HTS) technologies. We evaluated whether: (i) EWM-harbored microbial communities distinct from water and sediment, and (ii) spatial and temporal factors influenced EWM microbial community structure. To accomplish this, we elucidated the microbial community structure in 522 environmental samples, comprising EWM, sediment and the water column, collected from 10 lakes in Minnesota (USA) during six consecutive months between early summer and late fall.
MATERIALS AND METHODS

Field sampling
Ten lakes within the state of Minnesota were selected as sampling sites (Fig. 1) . These lakes were confirmed to be infested with EWM by the Minnesota Department of Natural Resources (MN-DNR) and were not interconnected (http://www.dnr.stat e.mn.us/invasives/ais/infested.html). Samples were collected once per month from June to November in 2016. Triplicate samples of EWM (30-50 g), water (2 L) and sediment (50-100 g) were collected from each site, about 3-6 m from the shoreline. EWM and sediment samples were collected in Whirl-Pak bags (Nasco; Fort Atkinson, WI, USA), whereas water samples were collected in sterile bottles (Nalgene; Rochester, NY USA). Samples were not collected from Lake Vadnais from September to November as EWM was not found at that site. Water quality parameters including temperature, dissolved oxygen concentration and pH were measured at each site. All samples were transported to the laboratory within 3-4 h of collection. EWM and water samples were stored at 4
• C and processed within 24 h, whereas sediment samples were stored at −20 • C until DNA extraction.
Sample processing
Approximately 25 g subsamples of EWM were transferred to 160 mL milk dilution bottles (Corning; Corning, NY USA) containing 70 mL of 0.01 M phosphate buffered saline (pH 7.4). The bottles were shaken for 20 min at 280 osc per min on a horizontal fixedspeed reciprocal shaker (Eberbach Model E6010; Ann Arbor, MI, Water samples were processed as previously described (Staley et al. 2015) . Briefly, water samples (2 L) were filtered through 5 μm mixed cellulose filters, followed by 0.22 μm filters (MFMillipore; Darmstadt, Germany). Microbial cells were recovered from each filter by vortexing the filter with pyrophosphate buffer (0.1% sodium pyrophosphate, 0.2% Tween 20, pH 7.0) (4 mL) for 3 min. The resulting solution was centrifuged at 16 000 × g using a benchtop centrifuge (Eppendorf; Hamburg, Germany) and the pellets were stored at −20
• C. Triplicate water samples from each site were pooled and submitted to the Research Analytical Lab (St. Paul, MN) for analysis of: nitrate-nitrite, orthophosphate, total phosphorus, ammonium and total organic carbon, as per methods listed on their website (http://ral.cfans.umn.edu/testsanalysis/water-analysis).
DNA extraction and high-throughput sequencing
DNA was extracted from cell pellets of EWM and water samples, and sediment (0.25 g) using the PowerSoil DNA Isolation Kit (MO BIO; Carlsbad, CA, USA) as per manufacturer's instructions. DNA concentrations were measured using a Qubit 2.0 Fluorometer (Waltham; MA, USA). The extracted DNA samples were stored at −20
• C until further analysis.
DNA samples were submitted to the University of Minnesota Genomics Center for amplification, using universal primers: 515f (5'-GTGCCAGCMGCCGCGGTAA-3') and 806r (5'-GGACTACHVGGGTWTCTAAT-3') targeting the V4 region of the 16S rRNA gene, as described in Gohl et al (2016) . A plant-specific PNA blocker was included in the PCR mixture to block amplification of mitochondrial-and plastid 16S rRNA gene sequences (Lundberg et al. 2013) . Highthroughput sequencing was performed on the Illumina MiSeq platform, using a 2 × 300-bp paired end, dual indexing protocol (Gohl et al. 2016) . All paired end fastq files (n = 1044), generated from four MiSeq runs, were deposited in the NCBI Sequence Read Archive under BioProject accession number PRJNA454161.
Bioinformatics and statistical analysis
Sequences were analyzed using QIIME v.1.9.1 (Caporaso et al. 2010a) . Illumina adapters and low-quality regions (< Q30) were removed using Trimmomatic v. 3.2 (Bolger, Lohse and Usadel 2014) . Reads with less than 75% of the total amplicon length were discarded. High-quality reads were joined in pandaseq using the fastqjoin script (Masella et al. 2012; Aronesty 2013) . Chimeras were identified using UCHIME v. 6.1 (Edgar et al. 2011) . A naïve Bayesian classifier was used to classify sequences against the RDP training set v. 9 using an 80% bootstrap confidence score (Wang et al. 2007 ). Open-reference operational taxonomic units (OTUs) were clustered at a 3% dissimilarity cutoff using UCLUST and compared against the SILVA v.128 16S rRNA database using PyNast (Edgar 2010; Caporaso et al. 2010b; Quast et al. 2013) .
The number of OTUs were rarefied, by random subsampling, to 15 000 sequences per sample for statistical analysis. Alpha diversity measures were calculated using Good's coverage, Chao1 and Shannon indices. Bray-Curtis dissimilarity matrices were used for non-metric multidimensional scaling (NMDS) analysis. These matrices were also used to assess differences in beta diversity by analysis of similarity (ANOSIM) and significance of sample clustering by analysis of molecular variance (AMOVA). The betadisper function of the R vegan package was used to calculate inter-group variation (Dixon 2003; Anderson 2006) . Canonical correspondence analysis (CCA) and Spearman correlation coefficient test were performed using XLSTAT Ecology v 19.6 (Addinsoft). Differentially abundant OTUs were identified between sample classes using linear discriminant analysis effect size (LEfSe) analysis (Segata et al. 2011) .
RESULTS
Physicochemical properties of water
During the study period, the water temperature ranged from 9.0 to 29.5
• C, pH from 7.83 to 9.70 and dissolved oxygen from 4.8 to 13.1 mg L −1 (Table S1 , Supporting Information). Water temperature and dissolved oxygen concentrations were higher during the summer (July and August) while pH was relatively constant over time and regardless of study sites. Total organic carbon (TOC) concentrations ranged from 4.92 to 10.33 mg L −1 and were found to be greater in Lake Vadnais (P < 0.001), relative to the other lakes examined. Total phosphorus was only detected in four lakes (White Bear, Vadnais, Josephine, and Minnetonka) 
Comparison of EWM, water and sediment communities
High-throughput DNA sequencing of 522 samples generated approximately 44 million paired-end reads, of which 68% of sequences passed the quality filtration steps. Nine samples were removed from subsequent analyses as they did not meet the minimum cut-off of 15 000 sequences/sample. The Good's coverage (%) for each sample type was estimated to be: 96.9 ± 1.0 (EWM), 95.0 ± 2.3 (sediment) and 98.6 ± 0.7 (water). The OTU richness index, as measured by the Chao1 estimator, was the greatest in sediment samples (14 350 ± 5084), followed by EWM (9389 ± 4839), and water samples (4097 ± 2737). In general, OTU richness for each sample type decreased for the first 3 months (June to August) and then stabilized (Fig. 2a) . The Shannon diversity index, a measure of richness and evenness, were greatest in sediment samples (11.12 ± 0.39), followed by EWM (9.31 ± 1.03), and water samples (6.57 ± 0.60). In contrast, there was a notable decline in bacterial diversity on EWM from October onward (Fig.  2b) . No significant differences were observed when each sample type was compared by lake. Analysis was performed at a LDA score ≥ 3.4.
The ANOSIM test revealed that microbial communities of each sample type were distinct (P < 0.001) and NMDS, done using Bray-Curtis distances (Fig. 3) , showed that samples clustered by habitat Pairwise comparisons between each sample type using AMOVA (P < 0.001) supported these results. Beta dispersion analysis showed that when grouped by month, EWM and sediment samples displayed greater variability in microbial community structure compared to water samples (Fig. S1 , Supporting Information).
Epibacterial communities associated with EWM
Hierarchical clustering showed that replicates from each EWM sampling clustered together when compared to other sampling events across time and space (data not shown). AMOVA revealed significant differences (P ≤ 0.002) in 100% cases when comparisons were made by month (Table S2a, Supporting Information). However, significant differences (P ≤ 0.001) were observed only in 64% of comparisons when samples were compared by site (Table S2b , Supporting Information). In particular, the microbial community structure of EWM samples from lakes White Bear, Vadnais, Nokomis and Lower Prior were found to be more sitespecific.
The Proteobacteria were present in high relative abundance (%) in all three matrices (EWM: 53.8 ± 9.0, water: 31.3 ± 10.4, and sediment: 36.5 ± 5.6). While the Actinobacteria (37.5 ± 12.3) and Verrucomicrobia (10.5 ± 12.1) were overrepresented in water samples, the Chloroflexi (10.2 ± 2.8) was present in higher relative abundance in sediment samples (Fig. 4) . Other phyla, such as the Cyanobacteria and Bacteroidetes, were present in moderate (6-16%) proportions across all matrices.
A total of 173 OTUs were identified in ≥ 90% EWM samples, which were defined as members of the core microbiota (Table S3 , Supporting Information). These were predominantly members of the Proteobacteria (total = 113; Alphaproteobacteria: 54, Betaproteobacteria: 49, Gammaproteobacteria: 10), Bacteroidetes (n = 17), Cyanobacteria (n = 11), Planctomycetes (n = 11), Actinobacteria (n = 7) and Verrucomicrobia (n = 7). These OTUs were classified under 43 families and accounted for 60.9 ± 10.5% of the total relative abundances observed (Fig. 5) . The most abundant families were Rhodobacteraceae (7.4 ± 4.7), Comamonadaceae (6.6 ± 3.3), Cyanobacteria Subsection I Family I (5.1 ± 6.8), Aeromonadaceae (3.7 ± 5.2), Planctomycetaceae (3.5 ± 1.7), Sphingomonadaceae (3.5 ± 1.4) and Verrucomicrobiaceae (3.4 ± 3.2). A good proportion (48 to 61%) of OTUs within the classes Alphaproteobacteria, Gammaproteobacteria and Betaproteobacteria could not be taxonomically classified below order-level.
LEfSe analysis identified taxa that were significantly overrepresented in EWM samples relative to the other matrices (Table 1) , and included those within the Rhodobacteraceae, Aeromonadaceae, Cyanobacteria SubSection III Family I, Erythrobacteraceae, Enterobacteriaceae, Saprospiraceae, Methylophilaceae, Sphingomonadaceae, Planctomycetaceae, Acetobacteraceae, Comamonadaceae, Cytophagaceae, Rhizobiales sp., Methylobacteriaceae and Verrucomicrobiaceae. Together, these taxa were either absent or present in much lower abundances in water and sediment, compared to EWM samples.
Effect of environmental factors on epibacterial communities
The canonical correspondence analysis revealed that water temperature had the greatest effect (21.2%) on EWM-epibacterial community structure (Fig. 6) . The EWM samples collected in October and November were positively associated with greater concentrations of ammonium, nitrate-nitrite and orthophosphate (Fig. 6) . The Spearman's rank correlation coefficient analysis showed that water temperature was also positively related with OTU richness and diversity, and TOC and dissolved oxygen concentrations, but negatively correlated with ammonium, nitrate-nitrite and orthophosphate concentrations (Table S4 , Supporting Information). In addition, water temperature was positively correlated with 41 genera and negatively correlated with 12 genera (Table S5 , Supporting Information). In total, these genera accounted for 14.1% of the total relative abundance. For example, OTUs within the genera Vogesella, Chitinibacter, Inhella and Dinghuibacter, and members of the families Solibacteraceae and Flavobacteriales NS9 (marine group) positively correlated with water temperature, whereas those within Rickettsiales MD3-55, Shinella, Sphingomonadaceae, Reyranella and Limnohabitans were negatively correlated. In addition, moderate (ρ = 0.3-0.6) but significant (P < 0.01) correlations were observed between several taxa associated with EWM and nutrient concentrations in water (Table S5 , Supporting Information).
DISCUSSION
The epiphytic communities on EWM reported here were distinct compared to the surrounding environment, irrespective of sampling location and season. The differences in microbial community structure could be attributed to the physical differences between these environments. Plant surfaces are often interactive (i.e. secrete carbon, nutrients and inhibitory compounds), which might play a crucial role in shaping epibacterial communities. Similar results have been reported where macroalgae species harbored bacterial communities that were different from those found in seawater (Tujula et al. 2010) .
We were able to detect a core population of microbes that were consistently associated with EWM. This included taxa within the phyla Proteobacteria, Bacteroidetes, Cyanobacteria, Verrucomicrobia and Planctomycetes. Interestingly, Hempel et al. (2008) did not detect several phyla, such as Cyanobacteria, Planctomycetes and Verrucomicrobia, which we found in this study. This discrepancy was due to the less comprehensive nature of the fluorescence in situ hybridization probes used in that study. Nevertheless, our results are in broad agreement with those obtained from HTS studies of other freshwater macrophytes (GordonBradley, Lymperopoulou and Williams 2014; He, Ren and Wu 2014) .
We identified several taxa that were significantly associated with EWM samples compared to water and sediment. The consistent detection of these taxa indicates strong host-specificity and suggest a role in potential host-microbe interactions. Some of these bacterial groups (e.g. Planctomycetes, Verrucomicrobia and Rhodobacteraceae) have been identified to be strongly associated with several macroalgal species. Bondoso et al. (2017) reported that epiphytic planctomycetal communities showed a significant association with three macroalgal species (Fucus spiralis, Ulva sp. and Chondrus crispus), which was independent of sampling location and season. Vollmers et al. (2017) showed that the large brown alga Macrocystis pyrifera recruits bacteria from Planctomycetes and Verrucomicrobia which form biofilms and release antimicrobial compounds to help control biofouling. Dogs et al. (2017) demonstrated that Rhodobacteraceae isolates enhanced the growth of F. spiralis by providing the vitamin B12 and siderophores, and in return inhibited the growth of nonRhodobacteraceae bacteria. Similarly, it was shown that a combination of Rhodobacteraceae and Flavobacteriaceae isolates were able to recover the growth and morphogenesis of Ulva mutabilis cultures (Wichard 2015) .
EWM were also enriched with methylotrophic bacteria within the families Methylophilaceae and Methylobacteriaceae. This could be attributed to the increased availability of methanol within the phyllosphere region (Corpe and Rheem 1989) , which is released as a by-product from plants via demethylation of pectin in cell walls (Galbally and Kirstine 2002) . Methylotrophs within the genus Methylobacterium have been shown to promote growth in terrestrial plants (Iguchi, Yurimoto and Sakai 2015) . However, it is not known whether those within Methylophilaceae play a similar role even though this association has been previously reported with aquatic plants (Crump and Koch 2008) .
In addition, OTUs within the genera Hydrogenophaga, Roseomonas, Leadbetterella, Porphyrobacter and Aeromonas, and the families Saprospiraceae and Sphingomonadaceae were found to be overrepresented in EWM samples. Several of these have been found to be associated with freshwater macrophytes (Crump and Koch 2008; Hempel, Grossart and Gross 2010; Zulkifly et al. 2012; Gordon-Bradley, Lymperopoulou and Williams 2014; He, Ren and Wu 2014; Braus, Graham and Whitman 2017) . However, little is known about the nature of these host-microbe associations. Interestingly, we found that EWM harbored a greater abundance of Enterobacteriaceae sp., which also includes Escherichia coli, a fecal indicator bacterium. Similar results have been reported with the filamentous macroalgae Cladophora in freshwater systems (Byappanahalli et al. 2003; Whitman et al. 2003) .
The spatiotemporal sampling strategy (58 independent events) used in this study helped us examine the influence of several abiotic factors on the structure of EWM-associated epibacterial communities. Amongst all the variables examined, water temperature had the greatest influence on community structure. Similar results were reported in several macroalgal studies, where epibacterial communities were found to be hostspecific, but temporally variable (Hengst et al. 2010; Lachnit et al. 2011; Stratil et al. 2013) . Moreover, several taxa were identified that either positively or negatively correlated with water temperature. Temporal shifts in epibacterial structure may be attributed to the optimum physiological growth range of several EWM-associated bacteria, as the water temperature ranged from 9.0 to 29.5
• C over the course of 6 months. It should be noted, however, that future studies are needed to better understand whether the observed temperature-driven shifts in epibacterial community structure would influence their interaction with the host. Although abiotic factors appeared to play a role in influencing the structure of epibacterial communities, about 50% of the compositional differences could not be explained using the parameters evaluated in this study. Though understudied, it is likely that biotic factors such as host physiology and chemical regulation contribute to the distinctness and differences within epibacterial communities. It is well established that EWM releases secondary metabolites including polyphenols and fatty acids which are allelopathic in nature (Nakai et al. 2000; Nakai, Yamada and Hosomi 2005) . Interestingly, Hempel et al. (2008) reported that polyphenol production is significantly higher in EWM compared to other freshwater macrophytes. Moreover, the temporal differences in epibacterial community structure could be linked to the level of polyphenol production, which is influenced by several factors including season, carbon/nitrogen ratio and phosphorus content (Gross 2001) . These factors may play an important role in shaping the structure of epibacterial communities.
In summary, we performed a comprehensive characterization of epibacterial communities associated with Eurasian watermilfoil across space and time. The bacterial communities associated with EWM were significantly different from those present in water and sediment. Several taxa were identified that were overrepresented in EWM samples. Future studies must be performed to elucidate the functional role of these hostspecific epibacterial communities and alternatively, investigate the host control of epibiosis. These results may help identify factors that contribute towards the growth and fitness of this invasive macrophyte.
